Epidemics of drug-resistant bacteria emerge worldwide, even as resistant strains frequently have reduced fitness compared to their drug-susceptible counterparts 1 . Data from model systems suggest that the fitness cost of antimicrobial resistance can be reduced by compensatory mutations 2 ; however, there is limited evidence that compensatory evolution has any significant role in the success of drug-resistant bacteria in human populations 3-6 . Here we describe a set of compensatory mutations in the RNA polymerase genes of rifampicin-resistant M. tuberculosis, the etiologic agent of human tuberculosis (TB). M. tuberculosis strains harboring these compensatory mutations showed a high competitive fitness in vitro. Moreover, these mutations were associated with high fitness in vivo, as determined by examining their relative clinical frequency across patient populations. Of note, in countries with the world's highest incidence of multidrug-resistant (MDR) TB 7 , more than 30% of MDR clinical isolates had this form of mutation. Our findings support a role for compensatory evolution in the global epidemics of MDR TB 8 .
Epidemics of drug-resistant bacteria emerge worldwide, even as resistant strains frequently have reduced fitness compared to their drug-susceptible counterparts 1 . Data from model systems suggest that the fitness cost of antimicrobial resistance can be reduced by compensatory mutations 2 ; however, there is limited evidence that compensatory evolution has any significant role in the success of drug-resistant bacteria in human populations [3] [4] [5] [6] . Here we describe a set of compensatory mutations in the RNA polymerase genes of rifampicin-resistant M. tuberculosis, the etiologic agent of human tuberculosis (TB). M. tuberculosis strains harboring these compensatory mutations showed a high competitive fitness in vitro. Moreover, these mutations were associated with high fitness in vivo, as determined by examining their relative clinical frequency across patient populations. Of note, in countries with the world's highest incidence of multidrug-resistant (MDR) TB 7 , more than 30% of MDR clinical isolates had this form of mutation. Our findings support a role for compensatory evolution in the global epidemics of MDR TB 8 .
The worldwide emergence of MDR strains of M. tuberculosis is threatening to make one of mankind's most pervasive infectious diseases incurable 8 . MDR strains of M. tuberculosis are resistant to isoniazid and rifampicin, the two most commonly used and effective drugs for the treatment of TB. Theoretical studies have predicted that one of the key factors driving the current MDR TB epidemics is the relative fitness of drug-resistant strains compared to drug-susceptible ones 9, 10 . Experimental work has shown that drug resistance in bacteria is often associated with a fitness cost 1,2,11-13 , but some drug-resistance mutations cause little or no loss of fitness 12, 14, 15 . Furthermore, fitness cost linked to drug resistance mutations can be reduced by compensatory evolution 2, 14 , although little data exist on the clinical relevance of this phenomenon 3, 6 . In M. tuberculosis, compensatory mechanisms were identified for fitness defects related to isoniazid and aminoglycoside resistance 16, 17 , but the corresponding compensatory mutations are rare in clinical strains 18 , suggesting that they have a minor role in the epidemiology of MDR TB. Compensatory evolution has been reported to occur in resistance to rifampicin in Escherichia coli 14 , but little is known with respect to compensatory evolution in rifampicinresistant M. tuberculosis.
Rifampicin binds to the β subunit of the RNA polymerase encoded by rpoB and inhibits transcription. More than 95% of M. tuberculosis clinical strains resistant to rifampicin harbor a mutation in an 81-bp region of rpoB known as the rifampicin resistance-determining region (RRDR) 18 , and these mutations are associated with a high level of resistance to rifampicin. We have previously shown that all laboratory-generated mutants of M. tuberculosis with a rifampicin resistance-conferring mutation in the RRDR have reduced fitness compared to their drug-susceptible ancestors when grown in the absence of rifampicin 12 . By contrast, some M. tuberculosis clinical strains isolated from individuals with TB who developed rifampicin resistance during treatment showed no fitness cost compared to their rifampicin-susceptible counterparts, despite carrying the same rpoB mutation as some of the laboratory-derived strains 12 . At the time, we hypothesized that these clinical strains might have acquired compensatory mutations during the course of treatment.
Here we tested this hypothesis by comparing the genome sequences of ten paired clinical rifampicin-resistant isolates to the genomes of the corresponding rifampicin-susceptible isolates recovered from the same infected individual at an earlier time point (Supplementary Table 1) 12 . We identified all nonsynonymous and intergenic mutations found only in the rifampicin-resistant genomes (Supplementary Table 2 ). In addition, we experimentally evolved six laboratory-derived rifampicin-resistant mutants from rifampicinsusceptible ancestors 12 during 45 weeks of serial subculture in the absence of rifampicin (Supplementary Table 3 ). Comparison of the Whole-genome sequencing of rifampicin-resistant Mycobacterium tuberculosis strains identifies compensatory mutations in RNA polymerase genes whole-genome sequences of the in vitro-evolved strains to their respective rifampicin-susceptible ancestors allowed us to identify putative compensatory mutations, as well as mutations likely to represent adaptations to growth in the laboratory (Supplementary Table 4) . Of note, all of the in vitro-evolved rifampicin-resistant strains maintained their original rpoB mutation, which is consistent with a greater number of potential mutational targets resulting in compensation rather than reversion 2, 19 .
After combining our clinical and in vitro data and excluding mutations representing laboratory adaptations or phylogenetic markers (Supplementary Tables 4 and 5) , we identified 54 putative compensatory mutations in 38 genes and 10 intergenic regions (Supplementary Table 6 ). rpoA and rpoC were notable in that they harbored multiple mutations in the laboratory-evolved strains (one strain) or the paired clinical strains (four strains; Fig. 1 and Table 1 ). These genes encode the α and β′ subunits of the RNA polymerase, respectively. Based on the known interactions between the RpoA, RpoB and RpoC subunits 20 , we reasoned that nonsynonymous changes in rpoA and rpoC occurring only in rifampicin-resistant genomes were likely to be compensatory. Mapping these amino acid substitutions encoded by these mutations onto the three-dimensional structure of the E. coli RNA polymerase 20 showed that they localized to the interface between the α and β′ subunits (Fig. 2) , indicating that they potentially affect the interaction between these subunits.
In addition to these plausible effects on RNA polymerase structure, we expected compensatory mutations in rifampicin-resistant M. tuberculosis (i) to occur frequently in MDR clinical isolates and not in rifampicin-susceptible isolates, (ii) to be associated with mutations in the RRDR and (iii) to occur only in rifampicin-resistant strains with rpoB mutations. Because M. tuberculosis is genetically monomorphic 21 with no ongoing horizontal gene transfer 22, 23 , rates of convergent evolution in this microbe are in general extremely low 24, 25 . Drug resistanceconferring mutations, however, undergo convergent evolution, as drug pressure selects for the same mutations across the different phylogenetic lineages of M. tuberculosis 26 . According to this rationale, we expected compensatory mutations to also show convergent evolution. Furthermore, because M. tuberculosis is genetically homogeneous, the occurrence of more than two amino acid variants at the same codon position is rare 27 , except in the context of drug resistance 18 . Thus, we also expected particular codons involved in compensation to harbor multiple alleles, as several alternative amino acid substitutions might have similar compensatory effects.
To test these predictions, we screened four complementary panels of clinical M. tuberculosis strains for nonsynonymous changes in rpoA and rpoC. The first panel comprised 117 MDR strains from global sources, representing five of the six major lineages of human-adapted M. tuberculosis 28 (Supplementary Table 7 ). The second panel served as a control and included 131 rifampicin-susceptible strains representing the global diversity of M. tuberculosis 29, 30 . The third panel consisted of 212 MDR clinical isolates from Abkhazia/Georgia, Uzbekistan and Kazakhstan (Supplementary Table 7 ) [31] [32] [33] , regions that are among those with the highest MDR TB incidence in the world 8 . The fourth panel comprised 40 pan-susceptible isolates from Uzbekistan (Supplementary Table 8 ). All of the 329 MDR strains included in panels 1 and 3 had phenotypically confirmed rifampicin resistance, and 321 of 332 (99.7%) harbored at least one nonsynonymous mutation in the RRDR.
After excluding phylogenetic markers and mutations likely to have been caused by laboratory adaptation, we found that 89 of 329 of all MDR strains (27.1%) had a nonsynonymous mutation in rpoA or rpoC. In addition to the mutations already observed in our clinically paired or experimentally evolved strains, we found 28 previously unidentified nonsynonymous changes in these genes ( Table 1) . By contrast, none of the 171 rifampicin-susceptible control strains had any of these mutations. Furthermore, all MDR strains having an rpoA or rpoC mutation also had a mutation in the RRDR, whereas none of the 11 rifampicin-resistant strains without rpoB mutations had a mutation in rpoA or rpoC.
When combining these data, we found that 11 codon positions in rpoA and rpoC had the same putative compensatory mutations in more than one phylogenetic lineage of M. tuberculosis, and 8 codon positions were found to encode more than one amino acid change ( Fig. 1) . Such occurrences of multiple alterations in a single codon are only rarely observed in M. tuberculosis outside of drug resistance. It is particularly unlikely that positions would by chance show convergent evolution across different M. tuberculosis lineages and at the same time harbor multiple allelic variants. Hence, we focused the rest of our investigation on the mutations falling in codon positions that satisfied both of these criteria ( Table 1) .
We computationally predicted the effect of these high-probability compensatory mutations (HCMs) on protein function by comparing the degree of evolutionary conservation in other bacteria of the l e t t e r s l e t t e r s orthologous protein positions encoded by these mutations using SIFT scores 34 . For comparison, we used 13 publicly available mycobacterial genomes not belonging to the M. tuberculosis complex. As a proof of concept, we first tested whether we could correctly predict that mutations in rpoB that are known to confer rifampicin resistance (Supplementary Table 7 ) were more likely to be functional changes than were phylogenetic markers in the same gene (Supplementary Table 5 ) and found that we could accurately make this prediction (P < 0.01, Mann-Whitney U-test). In testing the HCMs in rpoA and rpoC ( Table 1) , we found that these mutations were also predicted to be more functional than phylogenetic markers found in the same genes (P < 0.01, Mann-Whitney U-test; Supplementary Table 5) .
To test whether the predicted functional effects of HCMs correlated with strain fitness, we combined our new data on the occurrence of these mutations with our older data on the relative fitness of rifampicin-resistant M. tuberculosis strains 12 . We found that three of four clinical MDR strains with no competitive fitness cost harbored an HCM (Fig. 3a) . By contrast, none of the six clinical strains with a statistically significant reduction in fitness had any HCM (P < 0.05, Fischer's exact test). Furthermore, when calculating the difference in fitness between the laboratory-derived rifampicin-resistant strains and the clinical strains with the same rifampicin resistance-conferring mutation and belonging to the same phylogenetic lineage, we found Table 2 ), the high fitness of these strains cannot be directly attributed to HCMs. Although not discarding the possibility of alternative compensatory mechanisms, at least for clinical pair 3 (Fig. 3a) , we made several observations that support a causal relationship between the HCM found in rpoC in this isolate and increased fitness. Specifically, this strain contains only one additional nonsynonymous mutation compared to its rifampicin-susceptible ancestor (Supplementary Table 2 ). However, this additional mutation occurs in aroG, a gene that does not belong to the same functional class of transcriptional regulators, and no interactions of the AroG protein with RNA polymerase subunits are known according to the latest version of the STRING database 35 . Moreover, SIFT analysis 34 predicted that the aroG mutation encoding an M311T substitution would have no functional consequence (SIFT score = 1.00). Of note, several environmental mycobacteria also encode this same amino acid change, providing additional evidence against a role for this aroG mutation in compensatory evolution. In summary, the HCM in rpoC seems to be sufficient to confer the observed high fitness in this strain.
We and others have shown that, in the context of rifampicin resistance, in vitro competitive fitness for M. tuberculosis correlates with in vivo fitness as measured by the frequency of different rifampicin resistance-conferring mutations in clinical settings 12, 13 . In other words, rifampicin resistance-conferring mutations associated with no or low fitness cost in vitro are the most frequent in clinical strains. Hence, in the context of rifampicin resistance, the clinical frequency of mutations can be used as a proxy measure for the in vivo fitness of drug-resistant M. tuberculosis strains among different patient populations 4, 15 . When we determined the frequency with which HCMs occurred in MDR clinical strains, we found that 12.0% of our global panel of MDR isolates carried such a mutation (Fig. 3d) . This proportion increased to 21.3% in our panel of strains from regions with a high MDR TB burden (χ 2 = 4.5, P < 0.05). When we relaxed our selection criteria and repeated this analysis with all putative compensatory mutations in rpoA and rpoC (Table 1), we found that 19.7% of the global MDR strains carried such a mutation, compared to 31.3% of MDR strains from regions with high MDR TB burden (χ 2 = 5.14, P < 0.05). The high frequency of compensatory mutations in strains from Abkhazia/Georgia, Uzbekistan and Kazakhstan is consistent with the success of MDR strains in these regions, where up to 50% of individuals with TB are estimated to carry MDR strains compared to a global average of only 3% (ref. 7).
In conclusion, our results suggest that the acquisition over time of particular mutations in rpoA and rpoC in rifampicin-resistant M. tuberculosis strains leads to the emergence of MDR strains with high fitness. Furthermore, our data show that these mutations occur at high frequencies in clinical settings, particularly in hotspot regions of MDR TB 9 . Additional studies are needed to determine whether MDR strains of M. tuberculosis with mutations in rpoA or rpoC have increased transmission rates and how these mutations contribute to the success of these strains. Use of targeted genotyping of these mutations will enable TB control programs to focus on the most transmissible MDR strains. Our findings also suggest that mathematical models that aim at predicting the future of the global MDR TB epidemic should take into account the effects of compensatory mutations as well as the time necessary for such mutations to emerge.
URLs. Sanger Institute unpublished sequencing data, http://www. sanger.ac.uk/resources/downloads/bacteria/mycobacterium.html.
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Accession numbers. Sequence data can be found in the Sequence Read Archive at the EBI (SRP001097).
Note: Supplementary information is available on the Nature Genetics website. 
AUtHoR CoNtRIBUtIoNS

ONLINE METHODs
Data sets. To identify the most likely mutations involved in the compensatory evolution of fitness cost associated with rifampicin resistance, we analyzed different data sets that allowed us to address different aspects of the evolution of these compensatory mutations and control for mutations unrelated to rifampicin resistance and compensation. The microbiological and molecular methods used to analyze these data sets are as follows.
Experimentally evolved strains. This data set is composed of 6 spontaneous rifampicin-resistant mutants obtained in the laboratory 12 and experimentally evolved during 45 weeks of growth in the absence of rifampicin to select for compensatory mutations. The genomes of the evolved strains were sequenced in this study.
Paired clinical strains. This data set is composed of 10 rifampicin-resistant clinical strains from 10 individuals with TB who developed resistance to rifampicin during treatment. The genomes of the 10 rifampicin-resistant strains, as well their rifampicin-susceptible counterparts, were sequenced in this study.
Global MDR strain collection. We analyzed 117 MDR strains from different geographic regions and representative of 5 of the 6 M. tuberculosis complex (MTBC) lineages 28 to look at the frequency of compensatory mutations at a global level and their occurrence across lineages. For these strains, we sequenced the complete rpoA gene as well as the region of rpoC encoding residues that interact with RpoA.
High-burden MDR-TB strain collection. We analyzed 212 MDR strains from three areas with a high burden of MDR-TB (104 strains from Nukus, Uzbekistan; 92 from Almaty, Kazakhstan; and 16 from Abkhazia/Georgia). For these strains, the complete rpoA gene and the region of rpoC encoding interaction sites with RpoA were sequenced.
Control data sets.
To identify mutations unrelated to rifampicin resistance and compensation, we used four control data sets.
Global collection of drug-susceptible MTBC strains. To control for mutations representing phylogenetic markers, we used 21 previously published drugsusceptible MTBC genomes representative of all 6 major MTBC lineages 27 . In addition we used DNA sequence data from 110 drug-susceptible strains for which the whole genomes are currently being analyzed and extracted the sequence data for rpoA, rpoB and rpoC.
Laboratory-evolved, drug-susceptible strains. To control for mutations associated with adaptation to the laboratory, we experimentally evolved the two drug-susceptible ancestors of the in vitro-generated rifampicin-resistant mutants over a period of 45 weeks. Whole-genome sequencing was performed on these strains.
Rifampicin-susceptible paired clinical isolates. The 10 paired rifampicinsusceptible clinical strains from the individuals with TB who developed rifampicin resistance during treatment served as additional controls for common SNPs and other mutations unrelated to rifampicin resistance or compensation.
Local collection of drug-susceptible strains. To control for mutations unrelated to rifampicin resistance but associated with autochthonous lineages circulating in central Asia and to show that putative compensatory mutations do not occur in drug-susceptible strains, we sequenced the whole rpoA gene and the region of rpoC encoding the interaction sites with RpoA in 40 strains from Uzbekistan.
Experimental evolution. Spontaneous rifampicin-resistant mutants generated from the two drug-susceptible clinical MTBC strains CDC1551 (lineage 4) and T85 (lineage 2) were isolated as described before 12 . Six of these mutant clones, as well as the two ancestor strains, CDC1551 and T85, were cultured in 1l roller bottles with 100 ml of Middlebrook 7H9 broth (Difco) containing albumin-dextrose-catalase supplement (ADC; Difco) and 0.1% Tween at 37 °C. Cultures were subcultured 15 times every 3 weeks. For each subculture, 0.1 ml of growth culture (corresponding to ~5 × 10 7 bacteria) was transferred into 100 ml of fresh medium, corresponding to a dilution factor of 1:1,000. During the 45 weeks of the experiment, the overall number of bacterial generations was ~200. Samples were stored periodically at −80 °C and later revived for DNA extraction and genome sequencing.
Paired clinical isolates.
Serial isolates were obtained from 10 individuals with TB who developed resistance to rifampicin during treatment as described 12 .
For each isolate, single colonies were subcultured, and aliquots were prepared and stored at −80 °C. DNA was extracted and used for genome sequencing. For each pair of isolates, head-to-head competitions were carried out, the results of which have previously been published 12 .
Use of clinical isolates. The clinical isolates analyzed in this study are part of several existing strain collections which were compiled in the past following standard-of-care procedures. Given the retrospective nature of the work involving only anonymized bacterial isolates, informed consent was not necessary for this particular study, according to the guidelines of the relevant Institutional Review Boards (IRBs) of the Swiss Tropical and Public Health Institute/University of Basel, the Medical Research Council UK, the Research Centre Borstel/University of Lübeck and University of California, San Francisco. A few strains included in this study were collected prospectively in Nepal. Informed consent was obtained from participants, and IRB approval for this prospective strain collection came from the Nepal Health Research Council and the Ethikkommission beider Basel (EKBB).
Genome sequencing. Bacterial strains were grown from single colonies. Genomic DNA was extracted using a standard kit (Qiagen), and DNA (2 µg) was sequenced using an Illumina Genome Analyzer. Sequencing libraries were constructed using standard kits from Illumina according to the manufacturer's instructions. Libraries for each strain were loaded into a single lane of a flow cell. SYBR green assays were used to test flow cells for optimal cluster density. Paired-end read sequencing was performed with read lengths of 76 bp. The mean number of reads generated per run was 17.6 million (range 4.4-26.7 million), which translated to a mean sequencing depth of 302 (range 77-512).
SNP calls from individual strains. We used mapping and assembly with qualities (MAQ) software to map the reads produced by the Illumina sequencer to the reference genome, which was that of the most recent common ancestor as determined by our previous work (note that this ancestor is H37Rv-like in its structure, but H37Rv alleles were substituted by those present in the inferred common ancestor of all MTBC lineages) 27 . For each strain, we used the same default values for mapping and SNP calling, which removed sequences that had base calls with Phred quality values of <30 or depth coverage of <5 or those that occurred in reads that mapped to nonunique sequences across the genome. Finally, we removed those cases that involved heterozygous calls and those that occurred in genes annotated as belonging to the PE or PPE gene families or related to mobile elements of the genome.
SNPs in the experimentally evolved strains. We produced individual highconfidence SNP calls for the mutants generated in the CDC1551 and T85 backgrounds. We pooled the SNPs from each background strain and generated a list of nonredundant positions, which we checked against those individual SNP calls that were filtered out during mapping to the reference genome. In this way, we could detect false negative SNPs that might have been removed during the initial filtering process.
SNPs in the paired clinical strains. For each isolate in a pair, we generated a list of high-confidence SNPs and checked all unique SNPs (those that were not shared by both isolates) against those that were previously filtered out to control for false negative SNP calls.
In total, we generated two final SNP lists for the experimentally evolved mutants (one for each background strain) and one SNP list for each of the ten rifampicin-resistant paired clinical strains. SNPs were annotated using the H37Rv genome annotation at NCBI (RefSeq NC_000962) and classified as synonymous, nonsynonymous or intergenic using ANNOVAR 36 .
Mapping of the rpoA, rpoB and rpoC mutations onto the RNA polymerase molecular structure. The mutations identified in rpoA and rpoC in the experimentally evolved and paired clinical strains, as well as the rifampicin resistance-conferring mutations in rpoB, were mapped onto the threedimensional structure of the RNA polymerase complex of E. coli (Protein Data Bank; 3LUO) 20 . To perform this mapping, an alignment of the corresponding nucleotide sequences in M. tuberculosis and the E. coli genome was generated such that the homologous positions could be determined. The mutations were mapped and visualized using PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre; Schrödinger). To determine the residues most likely to interact between the three subunits, we used the FoldX 37 program.
Predicting the functional effect of mutations. We used SIFT 34 to predict the mutations most likely to affect protein function. Briefly, SIFT looks for homologs in other bacteria for the gene of interest and (i) scores the conservation of the positions where mutations are found and (ii) weights this score by the nature of the amino acid change. These measures are then incorporated into a proxy measure of the impact of a specific mutation on protein function. As a bacterial database, we used the available non-M. tuberculosis complex complete mycobacterial genomes (N = 13).
DNA sequencing of rpoA, rpoB and rpoC. Identification of rifampicin resistance-conferring mutations in the RRDR of rpoB was performed using GenoType MTBDRplus kits (HAIN Lifesciences) according to the manufacturer's recommendations or by DNA sequencing as described before 12 .
Oligonucleotide primers were designed for PCR amplification and sequencing of the entire rpoA locus (Rv3457c; 1044 bp; 347 aa), and of the region encoding the RpoA-RpoC in rpoC (Rv0668; aa 356-756). DNA was amplified in a 96-well format and 50-µl reactions were carried out on a Tprofessional thermocycler (Biolabo). PCR products were purified and sequenced commercially (Macrogen Korea). Sequence chromatogram files were analyzed using the Staden package 38 . In order to identify sequence polymorphisms, the consensus sequence for each strain was compared to the corresponding gene sequence of the H37Rv reference genome using MEGA 5 (ref. 39) software.
